1. Introduction {#s0005}
===============

Chromatin is composed of repeated protein-DNA complexes, referred to as nucleosomes. The protein portion of the nucleosome is a histone octamer, consisting of two copies of the histone H2A, H2B, H3, and H4 molecules, and about 150 base pairs of DNA are wrapped around the disk-shaped histone core [@bib1]. The DNA and the histone octamer are tightly bound in the nucleosome, which functions as a storage form for eukaryotic genomic DNA. However, the functional regions of the genomic DNA must become accessible to the enzymes that mediate DNA metabolism, such as transcription, recombination, repair, and replication [@bib2], [@bib3]. To do so, the nucleosome must relax the bound DNA. For example, on active genes, the genomic DNA must detach from the histone core to allow the access of transcription factors [@bib2]. Therefore, the structural versatility and dynamics of the nucleosome are an important research target to understand the mechanisms of genomic DNA regulation and maintenance in eukaryotes.

Non-allelic histone variants are considered to be genomic DNA regulators, since they induce structural alterations of the nucleosome by replacing the canonical histones [@bib4], [@bib5]. In fact, by solution scattering measurements, we previously reported that in the H2A.B nucleosome, in which the H2A histones are replaced by the H2A.B variants, the DNA was partially peeled off [@bib6], [@bib7]. H2A.B is a distant H2A variant, which shares about 50% amino acid identity with H2A [@bib8]. Among the H2A variants, H2A.Z, the major one (10% of all histone H2A species, while H2A.B is less than 0.2%), is predominantly localized around the promoters of active genes, and might be responsible for producing a nucleosome-free region near the transcription start sites [@bib9], [@bib10], [@bib11]. Therefore, much interest has been focused on the structure of the H2A.Z nucleosome, in which the H2A molecules are replaced by H2A.Z. Two H2A.Z subtypes, H2A.Z.1 and H2A.Z.2, have been identified in higher eukaryotes [@bib12]. Recently, our group reported the crystal structures of the H2A.Z.1 and H2A.Z.2 nucleosomes and their functional analyses [@bib13]. The crystal structures of the H2A.Z.1 and H2A.Z.2 nucleosomes are not significantly different, but fluorescence recovery after photobleaching analyses revealed that H2A.Z.1 is more rapidly exchanged in living cells, as compared to the canonical H2A and H2A.Z.2 nucleosomes [@bib13]. These results suggest that the H2A.Z.1 nucleosome could be structurally unstable *in vivo*.

To study the solution structure of the H2A.Z.1 nucleosome, we employed small-angle-X-ray scattering (SAXS) and small-angle neutron scattering utilizing a contrast variation method (CV-SANS). SAXS is a very powerful tool to reveal the outer shapes of biomolecules in solution. In the SAXS analysis of nucleosomes, the DNA portion has higher scattering power than that of a histone octamer in nucleosomes. Therefore, it is difficult to observe the structure of a histone octamer without the sugar-contrast variation technique [@bib14]. As compared with X-ray scattering, neutron scattering has an isotope effect, because the neutrons are scattered by the nucleus. The isotope effect is most distinguished between a proton (scattering length: −3.74 fm) and a deuteron (scattering length: +6.64 fm), indicating that the scattering length density (SLD) of the solvent can be controlled by using the proper mixture of H~2~O and D~2~O. This technique for small-angle neutron scattering is called the (solvent) contrast variation method (CV-SANS), and it is very useful to observe the inner structures of complexes consisting of domains with different SLDs in an aqueous solution [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], such as nucleosomes [@bib7], [@bib22], [@bib23], [@bib24] (see details in [Section 2.3](#s0025){ref-type="sec"}).

Here, we report the results of SAXS and CV-SANS measurements of the H2A.Z.1 nucleosome in an aqueous solution, and discuss its structural differences from the canonical H2A nucleosome and the variant H2A.B nucleosome.

2. Materials and methods {#s0010}
========================

2.1. Preparation of nucleosomes {#s0015}
-------------------------------

Histones H2A, H2A.Z.1, H2B, H3.1, and H4 were bacterially expressed and purified, as described previously [@bib13]. To form the histone octamers containing H2A and H2A.Z.1, histones were mixed in 20 mM Tris--HCl (pH 7.5) buffer, containing 7 M guanidine hydrochloride and 20 mM 2-mercaptoethanol, and the samples were dialyzed against 10 mM Tris--HCl (pH 7.5) buffer, containing 2 M NaCl, 1 mM EDTA, and 5 mM 2-mercaptoethanol. The resultant histone octamers were then purified by HiLoad 16/60 Superdex 200 gel filtration column chromatography (GE Healthcare). For the nucleosome reconstitution, the histone octamers and 145 base pairs of the Widom 601 DNA [@bib21] were mixed in 10 mM Tris--HCl (pH 7.5) buffer, containing 2 M KCl, 1 mM EDTA, and 1 mM dithiothreitol, and the KCl concentration was gradually decreased to 0.25 M. The reconstituted nucleosomes were separated from the free histones and unbound DNA by native polyacrylamide gel electrophoresis (PAGE), using a Prep Cell apparatus (Bio-Rad).

2.2. SAXS measurement {#s0020}
---------------------

The SAXS experiments were performed with an upgraded apparatus at BL10C of the Photon Factory, at the Institute of Materials Structure Science (IMSS), High Energy Accelerator Research Organization (KEK), Tsukuba, Japan. The wavelength of the incident X-ray beam was tuned to 1.488 Å, and the reciprocal space ranging from 0.008 to 0.26 Å^−1^ was measured with a two-dimensional position-sensitive detector, PILATUS3 2M. By using the software for SAXS image data processing, SAngler, incident beam normalization, transmission correction, solvent subtraction, and circular average were applied, and then the scattering profiles of the nucleosomes were obtained.

The analyzed nucleosomes were the canonical H2A nucleosome and the variant H2A.Z.1 nucleosome. For each SAXS experiment, we prepared for 0.05 mL sample solution of which the nucleosome concentration was 3.0 mg/mL and the buffer solvent was 20 mM Tris--HCl (pH 7.5) containing 50 mM NaCl and 1 mM dithiothreitol. In addition, dilute samples (0.5 mg/mL) were also measured, to confirm that particle interference can be ignored under the 3.0 mg/mL solvent conditions with 50 mM NaCl.

2.3. CV-SANS measurement {#s0025}
------------------------

CV-SANS is a powerful technique to observe the partial structures of complex materials consisting of domains/molecules with different SLDs [@bib7], [@bib22], [@bib23]. The scattering intensity from the solution is proportional to the square of the scattering contrast between solute and solvent, Δ*ρ*^2^=(*ρ*~solute~−*ρ*~solvent~)^2^, where *ρ*~solute~ and *ρ*~solvent~ are the SLDs of the solute and solvent, respectively. Nucleosomes consists of different biomolecules which have different SLDs: The SLDs of histones and DNA are 0.221 (fm/Å^3^) and 0.394 (fm/Å^3^), respectively. Here, the SLDs of H~2~O and D~2~O are −0.056 (fm/Å^3^) and 0.636 (fm/Å^3^). Therefore, in a 65% D~2~O solution, because the SLD of the DNA is matched to that of the 65% D~2~O solvent, we can erase the scattering due to DNA and selectively observe the structure of the histone octamer in a nucleosome. Moreover, in a 40% D~2~O solution, we selectively observe the DNA by the same concept of contrast matching with the exchange of the roles.

We used two SANS spectrometers, TAIKAN at J-PARC/MLF, Tokai, Ibaraki, Japan for mainly structural check of nucleosomes and also D11 instrument, installed at the Institut Laue-Langevin (ILL), Grenoble, France for CV-SANS experiment. In the CV-SANS experiments with D11, the SANS intensities were measured in the *q*-range of 0.0085--0.13 Å^−1^ at a constant temperature of 25 °C. The observed SANS intensities were corrected for the background, empty cell and buffer scatterings, and the transmission factors, using the standard D11 data processing software, GRASP, and finally converted to one-dimensional scattering profiles.

The samples were the canonical H2A nucleosome and the variant H2A.Z.1 nucleosome, at a concentration of 3.0 mg/mL in a 50 mM NaCl aqueous solution. In consideration of the contrasts between histone/DNA and solvent, four sample solutions with different H~2~O/D~2~O ratios were employed: 0% D~2~O solution with the amount of 0.40 mL (reference), 40% D~2~O solution with the amount of 0.40 mL (matching point for histone), 65% D~2~O solution with the amount of 0.80 mL (matching point for DNA), and 100% D~2~O solution with the amount of 0.80 mL (another reference).

2.4. Micrococcal nuclease assay {#s0030}
-------------------------------

The nucleosomes (0.4 μg) containing H2A or H2A.Z.1 were treated with 1.2 units of micrococcal nuclease (MNase, Takara) for 0, 5, 10, 15, and 20 min at 25 °C in 42 mM Tris--HCl (pH 7.5) buffer, containing 10 mM NaCl, 10% glycerol, 1 mM CaCl~2~, 2.5 ng/μl BSA, and 2.6 mM dithiothreitol. The reactions were then stopped by adding proteinase K (Roche). The resulting DNA fragments were extracted by phenol/chloroform/isoamyl alcohol and purified by ethanol precipitation. The purified DNA fragments were analyzed by 6% non-denaturing PAGE with ethidium bromide staining.

3. Results and discussion {#s0035}
=========================

3.1. Overall structures: SAXS measurement {#s0040}
-----------------------------------------

To analyze the solution structures of the nucleosomes by SAXS and SANS, we prepared highly purified nucleosomes containing H2A and H2A.Z.1. To do so, we reconstituted the nucleosomes containing H2A and H2A.Z.1 *in vitro*. We confirmed that the nucleosomes containing H2A and H2A.Z.1 were highly purified and the four types of histones were present in the same molar ratios in the nucleosomes ([Fig. S1](#s0065){ref-type="sec"}).

The SAXS profiles of the canonical H2A nucleosome and the variant H2A.Z.1 nucleosome are shown in [Fig. 1](#f0005){ref-type="fig"}. The SAXS profile of the H2A.Z.1 nucleosome is almost the same as that of the canonical H2A nucleosome. This feature was quantitatively clarified by an examination of the gyration radii and a comparison of the distance distribution functions. The gyration radii were 44.6 Å and 44.4 Å for the H2A and H2A.Z.1 nucleosomes, respectively ([Fig. S2](#s0065){ref-type="sec"}), and the largest distances, *D*~max~, of both nucleosomes were 128 Å ([Fig. S3](#s0065){ref-type="sec"}). In comparison with another variant nucleosome, the H2A.B nucleosome, this structural coincidence between the canonical H2A nucleosome and variant H2A.Z.1 nucleosome is remarkable, as the *R*~g~ and *D*~max~ of the H2A.B nucleosome are 49.4±0.4 Å and 195 Å, respectively [@bib6], reflecting the fact that the edges of the DNA in the H2A.B nucleosome are detached from the histone core. In contrast, even though the H2A.Z.1 nucleosome is also a variant nucleosome, its outer shape is similar to that of the canonical nucleosome, as shown in their crystallographic structures [@bib13], [@bib21]. This feature is also seen with dummy atom models of the H2A nucleosome and H2A.Z.1 nucleosome built based on their SAXS profiles ([Fig. S4](#s0065){ref-type="sec"}). The both models show a similar disk shape, indicating the all DNA segments of both nucleosomes are wrapped around their histone cores. In conclusion, the SAXS measurement did not reveal any free DNA segments, and thus the DNA ends are stably bound to the histone core, as in the crystal structure.Fig. 1SAXS profiles of H2A nucleosomes (blue) and H2A.Z.1 nucleosomes (red). The scattering intensity of H2A.Z.1 nucleosome was multiplied by three.Fig. 1

3.2. Partial structure: CV-SANS measurement {#s0045}
-------------------------------------------

We wanted to determine whether the H2A.Z.1 nucleosome has any structural differences from the canonical H2A nucleosome in solution. Therefore, we employed CV-SANS to analyze the inner structure of the H2A.Z.1 nucleosome in solution. The CV-SANS profiles of the H2A and H2A.Z.1 nucleosomes are shown in [Fig. 2](#f0010){ref-type="fig"} at four contrast points: 0%, 40%, 65%, and 100% D~2~O. The dependence of the gyration radius on the contrast is shown in [Fig. 3](#f0015){ref-type="fig"}A. The gyration radius reasonably exhibits the minimum and maximum values in the 65% and 40% D~2~O solutions, in which the inner histones and the outer DNA shapes are selectively observed, respectively. Their average values are observed in the 0% and 100% D~2~O solutions. As shown in [Fig. 3](#f0015){ref-type="fig"}A, the gyration radii are slightly different between the canonical H2A and H2A.Z.1 nucleosomes at several contrast points, but it is difficult to clarify the structural differences between them. Therefore, we performed the Stuhrmann\'s analysis to derive the SLD distribution [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], which reflects the spatial configurations of the DNA (with the higher SLD) and the histones (with the lower SLD) in a nucleosome. In the Stuhrmann\'s formalization, the square of the gyration radius, *R*~g~^2^, is expressed as a quadratic function of the inverse of contrast, 1/Δ*ρ*:$${R_{g}}^{2} = {R_{c}}^{2} + \frac{\alpha}{\mathrm{\Delta}\rho} - \frac{\beta}{\mathrm{\Delta}\rho^{2}}$$where Stuhrmann\'s parameters, *R*~c~, *α,* and *β*, are the gyration radius at infinite contrast, the second moment of the internal SLD fluctuations, and a measure of the displacement of the SLD distribution, respectively (see the mathematical formalization of the parameters in "Stuhrmann\'s parameters" [Supplement](#s0060){ref-type="fn"}). As shown in [Fig. 3](#f0015){ref-type="fig"}B, the observed *R*~g~^2^ values for both the H2A and H2A.Z.1 nucleosomes were well reproduced with Eq. [(1)](#eq0005){ref-type="disp-formula"}, and the Stuhrmann\'s parameters (displayed in the boxes of [Fig. 3](#f0015){ref-type="fig"}B) were obtained with least square fitting. *Rc* corresponds to the only geometrical parameter of the nucleosomes that was unaffected by the inner distribution of the SLD. Here, the *R*~c~s of both the H2A and H2A.Z.1 nucleosomes are almost the same, indicating that there are no large differences in their outer shapes, in accordance with the SAXS results. We then examined the *α*-values, the second moments of the internal SLD fluctuations, and found a slight but significant difference: the *α*-values of the H2A and H2A.Z.1 nucleosomes were 32 fm/Å and 37 fm/Å, respectively. In the case of a nucleosome, the meaning of the *α-*value is simple: a larger value corresponds to the expansion of DNA and/or the compaction of a histone octamer. Considering the SAXS results, which revealed that the DNA is not detached from the histone core and is not expanding, the larger *α-*value of the H2A.Z.1 nucleosome suggests that the histone octamer of the H2A.Z.1 nucleosome is more compacted than that of the H2A nucleosome. Finally, we checked the *β-*values. In the case of a nucleosome, the *β-*value shows the degree of spatial difference in the center of mass between the DNA and the histone octamer. The *β-*values obtained for both nucleosomes are quite similar (1.2 fm^2^/Å^4^ and 1.1 fm^2^/Å^4^ for the H2A and H2A.Z.1 nucleosomes, respectively). This means that the DNA configurations in both nucleosomes are the same, and the histone octamer in the H2A.Z.1 nucleosome is symmetrically compacted. The H2A.B nucleosome has a larger *α-*value (60 fm/Å) and *β*-value (2.16 fm^2^/Å^4^), indicating that the DNA configuration of H2A.B nucleosome is asymmetrically expanded and, therefore, the DNA segments are detached at the ends [@bib7].Fig. 2SANS profiles of the canonical H2A nucleosome (A) and the H2A.Z.1 nucleosome (B). Blue, cyan, green, and red circles depict the scattering at the contrast points of 0%, 40%, 65%, and 100% D~2~O, respectively.Fig. 2Fig. 3(A) Gyration radii as a function of D~2~O concentration. Blue and red circles depict *R*~g~ values of the canonical H2A and variant H2A.Z.1 nucleosomes, respectively. The straight lines are guides for visualization. (B) Stuhrmann plots (*R*~g~^2^*vs*. Δ*ρ*^−1^) of the nucleosomes. Blue and red circles depict *R*~g~^2^ values of the canonical H2A and variant H2A.Z.1 nucleosomes, respectively. Curved lines represent the results of the least-squares fitting. The inserted boxes show the calculated Stuhrmann\'s parameters.Fig. 3

To summarize the structural studies with the SAXS and CV-SANS experiments, the outer shape of the H2A.Z.1 nucleosome is similar to that of the H2A nucleosome, in contrast to another variant H2A.B nucleosome. This indicates that the DNA shapes are similar in both the H2A an H2A.Z nucleosomes. In contrast, the size of the histone octamer in the H2A.Z.1 nucleosome is clearly smaller than that in the H2A nucleosome. Notably, this size difference is not apparent in the crystal structures of the H2A.Z.1 and H2A nucleosomes [@bib13]. Therefore, the octamer size difference found in this study may reflect the difference in the histone octamer dynamics in solution.

3.3. The DNA-histone interaction is less tight {#s0050}
----------------------------------------------

If the histone octamer in the H2A.Z.1 nucleosome is more compact, without affecting the DNA shape, then the DNA should be less tightly bound to the histone core. To test this possibility, we performed a micrococcal nuclease (MNase) assay. In this assay, MNase preferentially degrades looser DNA ends in nucleosomes. As shown in [Fig. 4](#f0020){ref-type="fig"}, the DNA in the H2A.Z.1 nucleosome was clearly more susceptible than that in the H2A nucleosome. Since the DNA configuration in the H2A.Z1 nucleosome is almost the same as that in the H2A nucleosome in solution ([Figs. 1](#f0005){ref-type="fig"}, [Appendix A](#s0065){ref-type="sec"}, [Appendix A](#s0065){ref-type="sec"}), the enhanced susceptibility may be responsible for the compacted histone octamer.Fig. 4MNase assay. The nucleosomes containing H2A or H2A.Z.1 were treated with MNase for 0, 5, 10, 15, and 20 min at 25 °C. The resulting DNA fragments were analyzed by 6% non-denaturing PAGE with ethidium bromide staining. Lanes 1 and 12 indicate the DNA markers. Experiments with the H2A nucleosome (lanes 2--6) and the H2A.Z.1 nucleosome (lanes 7--11) are presented.Fig. 4

3.4. Perspective {#s0055}
----------------

In conclusion, the H2A.Z.1 nucleosome has a similar structure to that of the canonical H2A nucleosome, and does not exhibit a drastic structural change, such as the large DNA-detachment observed in the variant H2A.B nucleosome in solution. However, H2A.Z.1 undergoes a subtle change, in which the histone octamer is compacted in solution. The crystal structure of the H2A.Z.1 nucleosome revealed that the histone octamer is not clearly compacted, as compared to that of the H2A nucleosome. This discrepancy suggests that the histone dynamics is different between the H2A.Z.1 and H2A nucleosomes in solution. In the H2A.Z.1 nucleosome, the histone octamer may move dynamically, resulting in the smaller average size of the octamer. This dynamic nature of the H2A.Z.1 nucleosome may reflect rapid exchange of H2A.Z.1 in cells [@bib13]. It is also possible that the histone tails of the H2A.Z.1 nucleosome may be less expanded toward the solvent, resulting in the smaller size of the histone core. The histone tails are not visible in the available crystallographic structures of the H2A.Z.1 nucleosomes [@bib13], [@bib25]. The specific physical characteristics of the histone octamer containing H2A.Z.1 in the nucleosome may directly reflect its function, and thus further studies are needed.
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